ABSTRACT Employing nonequilibrium molecular dynamics simulations, a comprehensive computational study of the photoinduced conformational dynamics of a photoswitchable bicyclic azobenzene octapeptide is presented. The calculation of time-dependent probability distributions along various global and local reaction coordinates reveals that the conformational rearrangement of the peptide is rather complex and occurs on at least four timescales: 1) After photoexcitation, the azobenzene unit of the molecule undergoes nonadiabatic photoisomerization within 0.2 ps. 2) On the picosecond timescale, the cooling (13 ps) and the stretching (14 ps) of the photoexcited peptide is observed. 3) Most reaction coordinates exhibit a 50-100 ps component reflecting a fast conformational rearrangement. 4) The 500-1000 ps component observed in the simulation accounts for the slow diffusion-controlled conformational equilibration of the system. The simulation of the photoinduced molecular processes is in remarkable agreement with time-resolved optical and infrared experiments, although the calculated cooling as well as the initial conformational rearrangements of the peptide appear to be somewhat too slow. Based on an ab initio parameterized vibrational Hamiltonian, the time-dependent amide I frequency shift is calculated. Both intramolecular and solvent-induced contributions to the frequency shift were found to change by &2cm ÿ1 , in reasonable agreement with experiment. The potential of transient infrared spectra to characterize the conformational dynamics of peptides is discussed in some detail.
INTRODUCTION
The conformational dynamics of biomolecules may be crucial to such biological functions as ligand binding or enzymatic activity (1) (2) (3) . Recent advances in experimental techniques allow for a real-time observation of these conformational motions on various timescales. Beautiful examples include atomic force microscopy techniques (4), laser-induced pH and temperature-jump experiments (5, 6) , and single molecule fluorescence spectroscopy (7, 8) . Furthermore, there have been various suggestions to include a molecular photoswitch into biomolecules (9) (10) (11) (12) (13) (14) (15) (16) . For example, Moroder and coworkers have synthesized various peptides, in which an azobenzene unit was incorporated directly in the backbone (11) (12) (13) (14) . This guarantees that the light-induced structural changes of the chromophore upon photoisomerization around the central N¼N double bond are directly transferred into the peptide chain. By photoexciting the system by an ultrashort laser pulse, the subsequent conformational dynamics of the peptide is investigated by optical (17, 18) or infrared (19, 20) spectroscopy. These types of experiments, especially in combination with two-dimensional infrared probing (21) , provide a new and promising way to study the folding and unfolding of peptides in unprecedented detail.
As an experimentally particularly well-characterized molecular system (11, (17) (18) (19) (20) , we consider the octapeptide fragment H-Ala-Cys-Ala-Thr-Cys-Asp-Gly-Phe-OH which was connected head to tail via (4-aminomethyl)-phenylazobenzoic acid as well as by a disulfide bridge (see Fig. 1 ). According to nuclear magnetic resonance (NMR) experiments on this bicyclic azobenzene peptide (bcAMPB) in Renner et al. (11) , in equilibrium, the trans azopeptide is predominantly in a single conformational state, while there are many conformations of similar energy in the equilibrium cis state of the peptide. To have a spectroscopically wellcharacterized final state, most time-resolved experiments have therefore studied the cis/trans photoisomerization of bcAMPB (17) (18) (19) (20) . These studies have revealed that the photoinduced response of the peptide is quite complex and occurs on various timescales.
For example, using transient infrared spectroscopy, Bredenbeck et al. (19) found two main features: 1) A redshifted transient absorption band, which occurs immediately after photoswitching and decays on a timescale of 4 ps. This feature was attributed to the cooling of the molecule in the solvent. 2) A transient blue-shifted signature which is formed on a timescale of 6 ps. After 20 ps, the intensity and peak position of this feature are almost equivalent to the stationary FTIR difference spectrum. Since the blue shift of the amide I band can be directly related to the change of backbone structure (22, 23) , it was concluded that the main conformational changes associated with the stretching of the peptide are completed within only 20 ps.
Transient two-dimensional infrared spectroscopy (20) , on the other hand, revealed substantial changes of the spectra for times up to 1 ns. Although two-dimensional infrared spectra in principle allow us to distinguish between homogeneous and inhomogeneous broadening, their interpretation is not straightforward for nonequilibrium processes. Optical pump probe spectroscopy (18) of bcAMPB also yielded various timescales: 1) 280 fs for the initial cis/trans photoisomerization. 2) A 5.4 ps constant, presumably reflecting a cooling process. 3) Two kinetic components with time constants of 100 and 1000 ps, reflecting conformational dynamics.
A first-principles theoretical description of the dynamics and spectroscopy of photoswitchable peptides represents a considerable challenge. First, we have recently performed extensive replica-exchange MD simulation (24) to study the equilibrium structure and conformational dynamics in the stable cis and trans states of bcAMPB. We were able to reproduce the NMR data, and also confirmed the general picture drawn by Renner et al. (11) that the trans-isomer of bcAMPB exhibits a well-defined structure, whereas the cisisomer represents a conformational heterogeneous system comprising an ensemble of structures. Similar results were obtained by Carstens et al. (25) employing high temperature simulations. Second, one wants to describe the laser-induced conformational dynamics of biomolecules, starting from the experimentally achieved nonequilibrium preparation of the system (17, (26) (27) (28) (29) (30) (31) . With this end in mind, we have developed a simple and practical computational strategy that allows us to extend well-established MD simulation techniques to the description of photoinduced dynamics in peptides (32) . Employing a simple model of the photoisomerizationprocess, we generate a nonstationary phasespace distribution that mimics the laser-induced initial state of the molecule. Sampling this distribution by an ensemble of trajectories (typically some hundreds), the time evolution of the subsequent conformational dynamics is described via nonequilibrium MD simulations. Finally, to calculate time-and frequency-resolved optical and infrared spectra (33), a quantum-classical approach is employed that combines the classical MD description of the conformational dynamics with a quantum-mechanical calculation of the spectroscopic signals (34) (35) (36) (37) . In particular, there has been considerable effort to model the amide I vibrational band of peptides (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) .
In Nguyen and Stock (32) , the technical aspects of the nonequilibrium MD method were considered, such as the sensitivity of the conformational dynamics to the photoisomerization model and the convergence of the ensemble average. In this work, we are concerned with 1) a comprehensive analysis of the global and local conformational arrangements of bcAMPB after photoisomerization and 2) to what extent this conformational dynamics is reflected in the transient infrared response of the peptide.
METHODS Nonequilibrium simulation technique
It is useful to briefly summarize the main aspects of the nonequilibrium simulation method; see Nguyen and Stock (32) for details. The excitation of a molecular system by an optical laser pulse prepares the molecule in an excited electronic state. In the case of the azobenzene peptide bcAMPB, the system rapidly isomerizes within %0.2 ps from cis to trans. To model this photoisomerization process, we proposed a minimal model for the corresponding potential-energy surfaces that diabatically connects the excitedstate S 1 of the cis isomer with the ground-state S 0 of the trans isomer. Although this strategy certainly represents a grossly oversimplified description of the ultrafast nonadiabatic photoreaction, it was shown to virtually not affect the subsequent peptide conformational dynamics (32) .
Adopting this model, a nonequilibrium MD description of the photoinduced conformational dynamics in bcAMPB can be rationalized as follows. First, 400 statistically independent initial conformations were selected from a previously performed equilibrium MD simulation of cis-bcAMPB (24) . Next, we mimic the photoexcitation of the system by an ultrashort laser pulse by instantly switching from the ground-state N ¼ N torsional potential to the excited-state potential. After this nonequilibrium preparation at time t ¼ 0, the system isomerizes along excited-state N ¼ N potential within %0.2 ps. After isomerization (i.e., for times $ 500 fs), the N ¼ N torsional potential is switched back to its ground-state form, and a standard MD simulation is performed up to 1 ns. After the nonequilibrium simulations, the timedependent observables of interest are obtained via an ensemble average over the initial distribution. For example, to calculate the time evolution of some energy E, we obtain
where E (r) denotes the energy pertaining to an individual trajectory and N traj is the number of trajectories.
We used the GROMOS96 force-field 43a1 (45) to model the bcAMPB peptide and the united-atom model of Liu et al. (46) to describe the DMSO solvent. Additional force-field parameters for the azobenzene unit were derived from density functional theory as described in Nguyen et al. (24) . All simulations were performed by employing the GROMACS program suite (47, 48) . The bcAMPB peptide was placed in an octahedral box containing %700 DMSO molecules. The equation of motion was integrated by using a leap-frog algorithm with a time step of 2 fs. Covalent bond lengths were constrained by the procedure SHAKE (49) with a relative geometric tolerance of 0.0001. We employed the particle-mesh Ewald method to treat the long-range electrostatic interactions (50) . The nonbonded interaction pair-list was updated every 5 fs, using a cutoff of 1.4 nm.
To correctly describe the initial cooling of the hot photoproduct in the solvent, the following strategy was employed (32) . For the first 50 ps, each trajectory was simulated at constant total energy (NVE ensemble) using a time step of 0.2 fs. Subsequently, the MD simulations were performed at a constant temperature of 300 K (NVT ensemble) with a time step of 2 fs, using the Berendsen coupling method (51) with a temperature coupling constant of 0.1 ps.
Time-windowed principal component analysis
Principal component analysis (PCA) is an efficient method to represent the conformational distribution of a 3N-dimensional system in terms of a few FIGURE 1 Structure and amino-acid labeling of the bicyclic azobenzene peptide bcAMPB.
principal components (52) (53) (54) . The basic idea is that the correlated internal motions are represented by the covariance matrix
where q 1 , . . .q 3N are the mass-weighted Cartesian coordinates of the solute molecule and AE. . .ae denotes the average over all sampled conformations. By diagonalizing s, we obtain 3N eigenvectors v n and eigenvalues l n , which are rank-ordered in descending order, i.e., l 1 represents the largest eigenvalue. The principal components V n are then defined as the projections of the trajectory q(t) ¼ {q i (t)} on the eigenvectors v n , i.e., V n ðtÞ ¼ v n Á ½qðtÞ ÿ AEqae:
It has been shown that a large part of the system's fluctuations can be described in terms of only a few principal components (52) (53) (54) .
In this work, we performed a PCA based on the (f, c) dihedral angles of the peptide (55) . For flexible systems such as folding peptides, the use of internal coordinates may be advantageous, because problems associated with the mixing of internal and overall motions are circumvented. For example, in the case of a photoswitchable peptide the problem arises as to which reference structure (cis or trans state of bcAMPB) should be chosen for the rotational fit. To uniquely define the distance in the space of periodic dihedral angles, the dihedral PCA employs the variables (55) 
where k ¼ 1. . .N p , with N p being the number of peptide groups. The concept of a PCA of equilibrium data can-to some extent-be generalized to a time-dependent PCA of nonequilibrium data (56) . The basic idea is to perform at each time t (after the initial photoexcitation at t ¼ 0) a PCA using an ensemble average over the initial distribution of nonequilibrium trajectories. In the limit of long times, when the system is again in equilibrium, the PCA is again independent of time and the ensemble average should give equivalent results as the time average. In the limit of short times, however, the PCAs obtained for different times have different eigenvalues and eigenvectors. As a consequence, it is not straightforward to compare the results of two PCAs obtained for different times. For example, the timedependent probability distribution P(V n , t) of the principal component V n considered in Fig. 4 corresponds to different eigenvectors v n (t 1 ) and v n (t 2 ) at times t 1 and t 2 . As a remedy, we choose to represent the data of PCAs for all times with respect to the eigenvectors of the PCA at time t ¼ 0.
Another, more practical problem concerns the convergence of the ensemble average in the time-dependent PCA. This is because the number of nonequilibrium trajectories is typically much smaller than the number of conformations of an equilibrium trajectory. Here, we combined ensemble and time average, by averaging (say, the coordinate q) over a time-window Dt according to
By choosing Dt ¼ 0.5 ps, we obtain a reasonable compromise between convergence of the averages and time resolution of the data.
Calculation of infrared response
To model the amide I infrared response of peptides in aqueous solution, we adopt an exciton model (22, 23, 33) , which consists of local C¼O vibrational modes with frequencies e n that are interacting via the vibrational couplings b nm . Employing harmonic-oscillator creation and annihilation operators b y n and b n that describe the local C¼O mode at the n th peptide site, the amide I vibrational Hamiltonian in harmonic approximation reads
To describe the dependence of the diagonal and off-diagonal matrix elements e n and b nm on the conformation of the peptide, various groups have performed ab initio calculations on small model peptides (38) (39) (40) (41) . In the calculations reported below we use a parameterization of e n and b n, n 6 1 as a function of the (f, c) dihedral angles of the peptide backbone, which was obtained at the B3LYP/6-311G(d) theoretical level for the model peptide Ac-Gly-NHCH 3 (41) .
To account for the effects of the aqueous solvent on the vibrational frequencies, several groups have performed electron structure calculations for various MD snapshots of the solute and a few surrounding water molecules (42) (43) (44) . In a second step, the frequency change was empirically correlated with the external electrostatic potential or field at one or more solute sites, and this empirical relationship is then used to calculate the vibrational frequencies along a MD trajectory. In this work, we have employed a six-site parameterization developed by Skinner and co-workers (44) , which is based on extensive ab initio calculations of n-methylacetamide in D 2 O. Although the empirical relationship was obtained for aqueous solvent, it was recently shown that the same parameterization can also be employed to estimate the frequency shift of other polar solvents such as DMSO (57) .
COMPUTATIONAL RESULTS
After photoexcitation, the azobenzene unit of bcAMPB undergoes nonadiabatic photoisomerization from the excited S 1 state of the cis isomer to the ground state S 0 of the trans isomer (18, 19) . As shown in Nguyen and Stock (32), the classical model of diabatically connecting initial and final states reproduces the 0.2-ps timescale of this process. In particular, it was shown that the oversimplified modeling of the nonadiabatic photoisomerization process virtually does not affect the subsequent peptide conformational dynamics, which is the focus of this article. As explained in the Introduction, time-resolved experiments (18) (19) (20) have revealed a picosecond cooling of the hot photoproducts as well as a series of conformational rearrangements occurring on a picosecond-to-nanosecond timescale. In the following, these processes and their infrared spectral response are discussed.
Cooling
Due to the cis/trans photoisomerization of bcAMPB, the azobenzene chromophore receives %320 kJ/mole excess energy. This energy is rapidly redistributed to the vibrational modes of the peptide (by intramolecular vibrational relaxation) as well as to the surrounding solvent molecules (by vibrational cooling). Although the quantitative description of these processes in general requires a quantum-mechanical modeling (58-60), a simple classical approach to study vibrational energy transport and cooling is to consider the kinetic energy of various parts of the molecular system. The upper panels in Fig. 2 show the time evolution of the kinetic energy of the azobenzene photoswitch and the octapeptide, respectively. After photoexcitation, the kinetic energy of the azobenzene chromophore rises within only 100 fs. During the next 100 fs the vibrational energy is transferred to the peptide. As a consequence, the peptide kinetic energy increases from 240 kJ/mol to ;290 kJ/mol, which is equivalent to the temperature jump of %100°C found in experiment (20) .
Subsequently, the vibrational energy of both azobenzene and peptide is dissipated into the solvent within 100 ps. A single exponential fit yields a decay time of 16 ps for the kinetic energy of the peptide. Considering the total (kinetic and potential) energy instead of only the kinetic part, the results look quite similar (data not shown), with a slightly shorter decay time of 13 ps.
To study the energy transport along the peptide, the lower panels in Fig. 2 show the time evolution of the kinetic energy pertaining to the individual peptide residues. The residues Ala-1 and Phe-8, which are directly connected to the photoswitch, are seen to receive most of the transferred energy from the photoswitch. Although this process is ultrafast (0.2 ps) and carries substantial vibrational energy, the subsequent transfer to the remaining peptide residues is significantly slower (1-2 ps) and less prominent.
Global conformational rearrangement
To obtain from the MD simulations an overall picture of the photoinduced conformational changes of bcAMPB, we first consider several types of reaction coordinates describing its global conformational rearrangement. To this end, Fig. 3 shows the time evolution of the peptide's end-to-end distance and its radius of gyration as well as the root-mean squared deviation of the system. Let us first discuss the results for the end-to-end distance d ee between the first and last residue of the peptide. Within 200 fs, the end-to-end distance rapidly increases from 0.6 to 0.82 nm, thus reflecting the initial isomerization of the photoswitch. The subsequent time evolution of d ee up to 0.88 nm within %50 ps is governed by the competition between the driving force of the photoswitch and the restraining force of the peptide. A biexponential fit of d ee yields rise times of 0.2 ps (75%) and 14 ps (25%) for this process.
The radius of gyration
is defined as the average of the mass-weighted squared distances of all atoms to the center of mass and is therefore a measure of the overall size of the molecule. As a consequence of the stretching of the peptide backbone, the radius of gyration is found to increase from 0.58 to 0.65 nm within the first nanosecond and is obviously not yet completed. The exponential time constants 0.8 ps (18%), 44 ps (30%), and 470 ps (52%) reveal that the change of the overall size of the peptide monitored by R g occurs on a slower timescale than the stretching of the peptide monitored by d ee . This suggests that the initial backbone stretching is a prerequisite for the general rearrangement of the structure.
The root-mean square displacement (RMSD) of the octapeptide is another reaction coordinate that describes a global conformational rearrangement. The RMSD was evaluated for all atoms of the peptide and averaged over all trajectories, adopting the structure of the most prominent trans state of bcAMPB as reference geometry. (Note that we choose state I of the energy landscape in Fig. 4 a of Nguyen et al. (24) as a reference structure.) The decay time of the RMSD was found to virtually not depend on this specific choice. Fig. 3 shows that the RMSD decreases from 0.44 to 0.39 nm within 1 ns, thus reflecting the-as yet incomplete-conformational transition of the peptide from the cis to the trans form. The time constants of the RMSD decay are 1.5 ps (15%), 68 ps (30%), and 950 ps (55%)-that is, somewhat longer than for the radius of gyration.
For further illustration, Fig. 3 also shows the probability distributions of the considered reaction coordinates. Averaging over the first (solid lines) and last (dashed lines) picosecond of the 1-ns simulation, the distributions describe the initial and the final state of the photoswitchable peptide, respectively. The two states can be characterized by their RMSD distributions, which correspond to the conformational rearrangement of the photoprocess. Moreover, the distributions of the end-to-end distance d ee and the R g clearly reflect the transition from the disordered cis state to the welldefined trans state. Whereas the latter is dominated by a single conformational state, the many coexisting conformations of the former result in broad distribution of both d ee and R g , thus reflecting to the rugged free-energy surface of the system (24) .
Each of the above discussed reaction coordinates provides only a one-dimensional view of the peptide motion. Moreover, these coordinates are not independent of each other. Principal-component analysis is a more systematic approach to describe the motion of a multidimensional system. It represents the motion in terms of an orthogonal basis, the ''principal components,'' which are ordered according to their content of RMSD fluctuations. To analyze the time evolution of the peptide structure, we performed a time-windowed principal component analysis, which is based on the dihedral angles of the peptide (see Methods). Only for the first three principal components were strongly non-Gaussian multimodal distributions found. The motions along these components contain a significant percentage of the fluctuations-that is, 20, 31, and 42% for the first, first two, and first three principal components, respectively. Fig. 4 , this article, shows the time evolution of the probability distributions P(V 1 ) and P(V 2 ) of the first two principal FIGURE 4 Time evolution of the probability distributions of the first two principal components V 1 (A) and V 2 (B), respectively. (C) Time-dependent width DV n of the two distributions. components, respectively. Initially, P(V 1 ) exhibits a rather broad distribution that covers a range of ÿ2 & V 1 & 2, thus reflecting the conformational heterogeneity of the initial cis state of the azopeptide. In the course of the time evolution, the overall width of P(V 1 ) decreases and for times *150 ps a pronounced feature at V 1 % ÿ0.5 appears, which resembles the final trans state. Similarly, the time evolution of P(V 2 ) shows a transition from a bimodal distribution, reflecting two conformational states of the initial cis state, to a unimodal distribution, corresponding to the final trans state. To further illustrate this narrowing of the conformational space visited by the peptide, Fig. 4 also displays the time-dependent width DV n ¼ ðAEV 2 n ae ÿ AEV n ae 2 Þ 1=2 of the distribution, revealing decay times of 120 and 460 ps. A conformational analysis shows that the motion along the first principal component mainly contains transitions of the residues Ala-1 and Gly-7. The second principal component mainly describes another rearrangement of Gly-7.
Local conformational rearrangement
To investigate which residues are involved in the photoinduced conformational rearrangement of the system, we next study the structural changes of the individual peptide groups. To this end, Fig. 5 shows the time-dependent distributions of the backbone dihedral angles f n (t) and c n (t) (n ¼ 1. . .8) pertaining to the eight amino acids of bcAMPB. Apart from the glycine group, the peptide residues can be roughly characterized by three conformational states, that is, the righthanded helix conformation a located at (f, c) % (ÿ70°, ÿ40°) and two extended conformations, here referred to as b ((f, c) % (ÿ120°, 130°)) and P II ((f, c) % (ÿ70°, 130°)). For example, the residue Ala-3 is found in a-conformation, Cys-5 is mostly in b, and Thr-4 and Phe-8 are found in the mixtures a/b and b/P II , respectively. In the equilibrium simulations of Nguyen et al. (24) , the dihedral angles for these residues were quite similar for the cis and trans isomers. As expected, these residues exhibit therefore only minor changes (such as reversible b/P II transitions of Phe-8) in the nonequilibrium simulation.
The most significant conformational changes are observed for Ala-1, which is directly connected to the photoswitch and undergoes a b 4 a transition, and for Gly-7, which is the most flexible residue found in the NMR (11) and MD (24) studies. Furthermore, we find a b/P II transition for Cys-2 and a weak a 4 b transition for Asp-6. The short-time evolution of the mean dihedral angles monitoring these conformational transitions is shown in Fig. 6 together with exponential fits. The time constants are 57 ps for c Ala1 , 63 ps for f Cys2 , 131 ps for c Asp6 , and 110 ps c Gly7 , respectively. Considering the complex time evolution of the broad multimodal distributions in Fig. 5 , however, the meaning of single time constants is obviously limited.
FIGURE 5 Time evolution of the distributions of the (f, c) backbone dihedral angles pertaining to the eight amino acids of bcAMPB.
Photoinduced Peptide Dynamics

Photoinduced infrared response
Although the transient amide I spectrum reflects conformational transitions of the peptide, it is not straightforward to estimate this spectral change from the time evolution of the MD trajectories. This is because the infrared spectrum of a peptide depends, in a complex and nonlinear manner, on the individual conformations of the residues (22, 23) . Hence, a small conformational change might affect a large spectral difference, whereas a prominent conformational change might hardly be visible. To obtain a qualitative impression on the infrared response of bcAMPB, we study the photoinduced time evolution of the diagonal and off-diagonal matrix elements e n and b nm of the vibrational Hamiltonian in Eq. 6. Although it is clear that the calculation of transient infrared spectra requires more effort (which goes beyond the scope of this article), the time dependence of the vibrational Hamiltonian at least gives a rough idea of the spectral evolution of the system.
The vibrational frequencies of the system depend on the conformation of the peptide as well as on its solvation in the DMSO solvent. To account for the former effect, we consider the shift of the local mode frequency de n ¼ e n -AEe n ae of the n th residue and the vibrational coupling b nm between residues n and m, which was previously (41) calculated as a function of the (f n , c n ) dihedral angles of the peptide backbone (see Methods). Fig. 7 shows the short-time evolution of these quantities for the residues Ala-1, Cys-2, Asp-6, and Gly-7, which exhibit the most significant structural changes. Both local frequency shifts and vibrational couplings are seen to undergo changes of %0.5-2 cm ÿ1 within the first 200 ps. Similar to the corresponding (f, c) dihedral angles shown in Fig. 6 , the conformational rearrangement of Ala-1 results in the largest changes of de and b. It is interesting to note that the time constants found for the vibrational matrix elements and for the corresponding dihedral angles may differ considerably. While we find similar times for Ala-1 and Cys-2, the rise times of b for Asp-6 (15 ps) and Gly-7 (9 ps) are significantly shorter than the times constants for c Asp6 (131 ps) and c Gly7 (110 ps). We have also studied the time-dependent distributions of de and b (data not shown). As a consequence of the large conformational heterogeneity seen in the (f n , c n ) distributions (Fig. 5) , the distributions of the vibrational matrix elements are quite broad, thus giving rise to a substantial broadening of the infrared spectrum.
The conformational rearrangement of the peptide may also influence its solvation, which in turn may change the vibrational frequencies of the system. Adopting an empirical model (44) that estimates the solvent-induced amide I shifts de n of each residue (see Methods), we have calculated the mean frequency shift de ¼ 1=8+ n de n as a function of time. The time evolution of the solvent-induced amide I shift shown in Fig. 8 reveals a gradual increase of de of ;2 cm
ÿ1 . An exponential fit of the data for the first 50 ps results in a time constant of 32 ps. Since the spatial distribution of solvent molecules around the peptide may vary significantly for different nonequilibrium trajectories, the convergence of de with respect to the number of trajectories is rather slow and probably not fully achieved with 400 trajectories. Compared to aqueous solvent, the DMSO frequency shift is quite small, reflecting the fact that intermolecular hydrogen bonds play a comparatively minor role in this system.
DISCUSSION AND CONCLUSIONS
The nonequilibrium MD simulation of bcAMPB draws a detailed picture of the photoinduced dynamics of the photoswitchable peptide. In particular, the time-dependent distributions of global and local reaction coordinates reveal that the conformational rearrangement of the peptide is rather complex and occurs on at least four timescales.
1. Femtosecond cis/trans photoisomerization. After photoexcitation, the azobenzene unit of bcAMPB undergoes nonadiabatic photoisomerization within 200 fs. 2. Picosecond-driven dynamics. On the picosecond timescale, two main processes take place. Cooling: The photoinduced excess energy of the azobenzene chromophore is rapidly redistributed to the vibrational modes of the peptide (1 ps) as well as to the surrounding solvent molecules (13 ps). Stretching: The isomerization causes an ultrafast (0.2 and 14 ps) stretching of the peptide, where the latter time constant reflects the competition between the driving force of the photoswitch and the restraining force of the peptide. 3. Fast conformational rearrangement. Most local and global reaction coordinates exhibit a 50-100 ps component (for example, c Ala1 (57 ps), c Gly7 (110 ps), R g (44 ps), and RMSD (68 ps)), reflecting fast initial conformational transitions. The most significant conformational changes are observed for Ala-1, which is directly connected to the photoswitch and undergoes a b4a transition, and for Gly-7, which is the most flexible residue. Since the photoinduced excess energy is dissipated on a 13-ps timescale, only the first part of this dynamics is directly driven by the photoisomerization. 4. Slow conformational equilibration. The slow 500-1000 ps component observed in the simulation accounts for the subsequent conformational equilibration of the system. This process is diffusion-controlled, as the peptide needs solvent-driven fluctuations to escape from traps on the way to the final state.
On a qualitative level, the MD description of the photoinduced molecular processes is in remarkable agreement with the experimental studies in Wachtveitl et al. (18) and Bredenbeck et al. (19, 20) . In particular, the experimental data also indicate the above-discussed timescales 1-4 of the photoreaction. From a more quantitative point of view, the MD simulation appears to reproduce the fastest (0.2 ps) as well as the slowest (500-1000 ps) timescales observed in experiment. For the two intermediate timescales reflecting the cooling and the fast conformational rearrangements, however, the situation is somewhat more complicated.
Let us compare the above results to the outcome of timeresolved experiments monitoring the cooling of the photoexcited bcAMPB. In transient infrared spectroscopy on bcAMPB (19) , the cooling is reflected by a red-shifted hot band of the amide I spectrum, which occurs immediately after photoswitching and decays on a timescale of 4 ps. The red shift is caused by nonthermally excited low frequency modes of the peptide that are anharmonically coupled to the amide I vibrations. Similarly, optical pump probe spectroscopy yielded a 5.4 ps decay time, which is thought to reflect cooling (18) . Assuming that these spectral features can be directly correlated to the decay of the peptide vibrational energy, the calculated time constant of 13 ps is somewhat too long. Most likely, this deviation is caused by the united-atom representation of the DMSO solvent model (46) . Alternatively, one may employ a flexible all-atom model of the solvent (62) , which adds more degrees of freedom, therefore increasing the heat capacity and the ability to cool the solute (albeit at the cost of other problems such as the classical description of high-frequency modes). In Nguyen and Stock (32), we have shown that the timescale of the cooling virtually does not affect the subsequent conformational rearrangements of the peptide. Taking this fact into account as well as the sum of all uncertainties in experiment (e.g., deconvolution and interpretation of the spectra) and computation (e.g., force field and the neglect of quantum effects), the agreement appears satisfactory.
Whereas the experimental assignment of the hot bands describing the cooling process is relatively straightforward, the interpretation of the spectral features accounting for the conformational rearrangement of the peptide is not that clear. From optical pump probe spectroscopy (18) of bcAMPB, two kinetic components with time constants of 100 and 1000 ps were obtained that presumably reflect conformational dynamics. The timescales are in general agreement with transient two-dimensional infrared spectroscopy (20) , which revealed substantial changes of the spectra for times up to 1 ns. On the other hand, transient (onedimensional) infrared spectroscopy (19) showed a blueshifted signature, which is almost equivalent to the stationary FTIR difference spectrum and is formed on a timescale of only 6 ps.
Although the simulated 50-100 ps timescale found for the fast conformational rearrangements is in accordance with the results of optical and two-dimensional infrared spectroscopy, it is clearly in variance with the interpretation of the 6-ps time constant deduced from the transient infrared spectrum. Hence we arrive at the question to what extent 1) the calculated timescale is too slow and/or 2) the interpretation of the experimental timescale is not appropriate. Regarding the former point, it should be kept in mind that free energy barriers obtained from different MD force fields may vary significantly. For example, the frequency of a4b conformational transitions of trialanine was found to differ by an order of magnitude when different force fields were employed (63) . On the other hand, given the diffuse and structureless appearance of the amide I band of bcAMPB with an overall infrared shift of only %2 cm ÿ1 between cis and trans conformations, it is clear that the interpretation of the experimental findings is rather difficult. To investigate possible reasons for this apparent discrepancy, we have considered several aspects of the problem.
1. As a first step toward a more direct modeling of transient infrared spectra, we have calculated the time-dependent amide I frequency shift from the nonequilibrium simulations. Both intramolecular and solvent-induced contributions to the frequency shift were found to change by &2cm ÿ1 , in reasonable agreement with experiment. Interestingly, it was shown that the vibrational time constants found for the frequency shifts and the corresponding conformational motions may differ considerably. For the solvent-induced frequency shift, a rise time of 32 ps was found. 2. We have performed various test calculations at higher temperature (350 K) and for a different force field (GROMOS 45A3 (64)). At least at short times, no significant changes of the overall conformation were observed. 3. To study the effect of the solvent, a further nonequilibrium simulation of bcAMPB in D 2 O was performed (unpublished). In direct agreement with optical pumpprobe experiment on a similar bicyclic photoswitchable peptide in water (14), we obtain a twofold acceleration of both the cooling and the conformational dynamics.
Although the above investigations have confirmed the reliability of the nonequilibrium MD approach, it is clear that a quantitative comparison to experiment can only be obtained by a direct calculation of the measured transient spectra. In particular, the simulation of transient twodimensional infrared spectra holds great promise to give a detailed description of the photoinduced conformational dynamics of biomolecules. Work along these lines is in progress.
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